Sperm production and sperm swimming speed, which most likely affect fertilization under 30 sperm competition, are modified by proximate mechanisms. In a comprehensive observational 31 study of free-living and reproductively active Arctic charr (Salvelinus alpinus) we examined 32 the possible modulating effects of male social status (including ornamental development), 33 parasite intensities and immunity on novel traits indicative of ejaculate quality (e.g., ATP in 34 sperm cells, levels of immunoglobulines attached to sperm cells, and the degree of DNA-35 fragmentation in sperm cells). A multiple regression model showed no relationship between 36 DNA-fragmentation in sperm cells and abdominal coloration of charr, suggesting that sperm 37 of colourful males are not better protected against oxidative stress. We found, however, that 38 males with traits indicative of high social status had low amounts of ATP in sperm cells and 39 also sperm cells with low swimming speed. Sperm production, on the other hand, was 40 strongly predicted by parasite intensities only, and these associations were mainly positive. 41
INTRODUCTION

MATERIALS AND METHODS 131
Fish sampling and handling 132
In the early part of the lekking period, 15-17 September 2005, we caught 123 sexually mature 133 males from Lake Fjellfrøsvatn, Northern Norway (69˚4΄N, 19˚20΄E). All males were collected 134 from one spawning ground and had spawning coloration and gonads holding mature sperm. 135
During sampling, which occurred at daytime, the fish never stayed in the gill nets for more 136 than 15 minutes and individuals with external signs of injuries were excluded from the study. 137
Following capture, 95 males were transported to the field laboratory where each was put to 138 death by a distinct blow to the head before blood and milt samples were collected. An 139 additional sample of males was used to assess male social status in the experiment described 140
below. 141 142
Social status 143
Due to practical limitations, we could not directly assess social status from observations of 144 behavioural interactions on the spawning ground. Instead, we relied on indirect estimates. In 145 general, body size is a very important factor predicting dominance among spawning male 146 charr (Sigurjonsdottir and Gunnarsson 1989 , see also Noakes 1980) , and in order to estimate 147 the effect of size on social dominance we pair-wise caged 28 size-matched males (14 pairs) 148 captured simultaneously at the same spawning ground as the focal individuals of our primary 149 study. Pair-wise comparisons showed that the longest and heaviest male in each pair most 150 often became dominant (F (1, 26) = 17.09, p < 0.001; mean within-pair length difference was 1.7 151 cm, range 0.1 to 5.9 cm). Moreover, the individual's length (and mass) was positively 152 correlated with the individual's total number of aggressive acts (length, r = 0.44, P = 0.019) 153
and the individual's number of aggressive acts per minute (length, r = 0.40, P = 0.034; see 154 Liljedal and Folstad (2003) for a more detailed description and evaluation of the methods 155 applied). The intensity of abdominal coloration tended to be positively correlated with fish 156 length (r = 0.40, P = 0.098, n = 18), but was not significantly associated with the total number 157 of aggressive acts (r = 0.19, P = 0.457, n = 18) or the number of aggressive acts per minute (r 158 = 0.12, P = 0.64, n = 18). It should be noted that the size-differences between the dominants 159 and the subordinates in a natural group of spawning charr is usually larger than in our 160 experimental setup (pers. obs.). A principal component analysis resulting from variation in 161 length, mass and age was consequently used as an indicator of social status in our primary 162 study (see below). 163
165
Ejaculate analysis and primary sex traits 166
All males were caught in the early part of the lekking period (c.f., Figenschou 2004 ) and 167 before spawning activity was observed at the spawning ground. Therefore, sperm depletion is 168 unlikely confounding our results. All sperm sampling was executed by one person, who 169 carefully dried the area around the genital pore of each male to avoid water contamination and 170 activation of sperm. Milt stripping was carried out by applying repeated, bilateral pressure 171 from the anterior part of the abdomen towards the genital pore. To reduce handling time, all 172 ejaculate measurements were conducted in the random sequence in which the fish were 173 handled. Milt volume was estimated to the nearest 0.1 ml using 1 ml syringes and thereafter 174 stored at 4˚C. Spermatocrit, which is the percentage of a given volume of milt that is occupied 175 by cells (i.e., sperm density), was measured by centrifuging about 10 µl homogenized milt in 176 a capillary tube for 195 s at 11500 rpm with a Compur mini-centrifuge (Compur-electronic  177 Gmbh, Munich, Germany). Testes mass was measured to the nearest 0.001 g. Video recording 178 of activated sperm was done within 2 h after the milt was collected using a CCD black and 179 white video camera (XCST50CE PAL, Sony, Tokyo, Japan) mounted on a negative phasecontrast microscope (Olympus CH30, Olympus, Tokyo, Japan) with a 10x objective. MediSence, UK). In addition, blood smears were fixed in methanol and later stained using the 218
May-Grünewald-Giemsa method. Smears were scanned at 1000 x magnification and 219 erythrocytes, lymphocytes and heterophils were counted in three independent areas. We 220 calculated the lymphocyte/erythrocyte-and heterophil/lymphocyte-ratios by averaging the 221 ratios from the three counts of each blood smear. The heterophil/lymphocyte ratio (H/L-ratio) 222 is known to increase in response to various stressors, including infectious diseases (e.g., Dein 223 et al. 1986; Gross and Siegel 1983), whereas decreased lymphocyte levels are indicative of 224 immunosuppression with a concomitant increase in susceptibility to infections (Siegel 1985; 225 Fitzgerald 1988). Moreover, after dissection of the gills, eyes, buccal cavity, stomach, 226 intestine, liver, kidney, swimbladder, pylorus and gonads, eight different macroparasite 227 species were counted (i.e., the digeneans Phyllidostomum umblae, Diplostomum spp., and 228
Crepidostomum spp.; the cestodes Diphyllobothrium spp., Eubothrium salvelini, and From each fish, 20 µL of sperm was transferred in duplicate to cryotubes and immediately 256 frozen in liquid nitrogen. The samples were kept at -196°C until the ATP analysis. In the 257 laboratory we added 1 mL of cold 3% perchloric acid to the frozen cryotubes, before the 258 content was exposed for two sonication bursts, each lasting for 5-6 sec at 40 watts. 259
Subsequently, the homogenized content was transferred to 2 mL centrifuge-tubes and 260 centrifuged at 15,000 r/min (5764 g) for two minutes. 
DNA fragmentation 289
The sperm chromatin structure assay (SCSA) monitors the susceptibility of sperm chromatin 290 DNA to acid-induced denaturation, as reflected in the % DFI (DNA fragmentation index), and 291 has proven to be a sensitive tool when studying fertility in mammals (Evenson et al. 2000) . 292
However, the SCSA has not previously been used for analysis of sperm quality in charr. 293
Thawed milt samples stored in 500 μL cryotubes were analyzed by a Coulter EPICS XL flow 294 cytometer (Beckman Coulter Ltd, Luton, England), equipped with a 15 mW argon laser with 295 excitation at 488 nm. Both light-scatter and fluorescence data were collected in linear mode. 296
Green fluorescence was detected using a 505 -545 nm BP filter (FL1) while red fluorescence 297 was detected using a 660-900 nm BP filter (FL4). Discriminator as well as photo multiplier 298 settings were found to be different from that of mammalian species both with regard to sperm 299 morphology and chromatin structure. Thus, where necessary these settings were modified. 300
For samples that showed low sperm concentration, the flow rate was increased from "low" to 301 "medium" in order to analyse these samples within comparable time as samples with 302 appropriate sperm concentrations. A cytogram of green versus red DNA fluorescence was 303 used to identify sperm with denaturated DNA. A gate was set around the sperm with 304 increased red DNA fluorescence (denatured DNA) compared to the main population to 305 determine the percentages of sperm with single stranded DNA. This percentage was 306 calculated as percentage of the total sperm population, and is reported as the DFI. 307
308
Statistical analyses 309
As not all measurements were obtained for all individuals, sample sizes differ among 310 analyses. Variables that deviate from normal distribution were log-transformed. In order to 311 reduce the number of variables, we used three principal component (PC) analyses for the 312 variables indicative of (i) social status, (ii) sperm swimming speed, and (iii) parasite 313
intensities. 314 (i) Social status 315
Fish length, mass and age were highly correlated (r = 0.7 to 0.96, P < 0.0001, n = 92 to 95), 316 whereas the associations between the three former variables and red intensity were significant, 317 but not as strong (r = 0.3 to 0.37, P < 0.003, n = 92 to 95). Using the varimax approach to the 318 correlation matrix, we retained two PC`s (eigenvalues = 2.79 and 0.81). PC1, hereafter termed 319 "social status", explained 71 % of the variation and was positively correlated with fish length, 320 body mass and age. PC2 explained 20 % of the variation and was positively correlated with 321 abdominal coloration (correlation = 0.95). Therefore, we termed PC2 "abdominal coloration". 322 The amount of lymphocytes in blood, spleen mass and blood sugar did not correlate 389 significantly with other variables than those shown in Table 1 . 390
391
DNA-fragmentation, social status, immunity and parasites 392
The degree of DNA fragmentation in sperm cells was not significantly related to social status, 393 parasite intensities, or to any of the immune variables (P = 0.168 to 0.88; Table 1 
